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TECHNICAL NOTE 3170

AN EXPERIMENTAL INVESTIGATION AT LOW SPEEDS OF THE
EFFECTS OF LIP SHAPE ON THE DRAG AND PRESSURE
RECOVERY OF A NOSE INLET IN A
BODY OF REVOLUTION

By James R. Blackaby and Earl C. Watson

SUMMARY

Wind-tunnel tests of a body of revolution with & circulsr nose inlet
were conducted at low speeds to sscertain some of the effects of inlet
lip bluntness and profile on diffuser performence and body drag. The
tests were conducted at free-stream Mech numbers up to 0.330 with inlet
flows from zero through choking. Both the angle of attack and the angle
of yaw of the body were O° throughout the investigation.

A sherp inlet lip profile was tested in addition to flve circular-
arc and two elliptical profiles; the verlous profiles were compered in
terms of thelr shapes and contractlion ratios, the ratio of the area
circumscribed by the leading edge of the inlet 1lip to the minimum inlet
area. As would be expected, the sharp lip provided the poorest pres-
sure recovery for mass-flow ratios greater than 1.0 for 811l of the Mach
numbers of the test. The improvement over the internal flow character-
istics of the diffuser with the sharp lip, caused by a slight bluniness
of the 1lip of the inlet, depended to only a small extent on the shape
of the 1lip profile. However, for moderate bluntness the effect of the
shape of the profile assumed importance, wlth an ellipbtical profile
providing better pressure recovery than a circular profile.

Draeg and surface-pressure measurements showed that for mass-flow
ratios less than 1.0 the change of the externsl drag of the body with
masgs-flow ratio was caused almost entirely by the change of the suction
pressures in the vicinity of the inlet. In addition, the megnitude of
the change was found to be equal, but of opposite sign, to the change
of the celculated additive drag for the inlet as long as the external
flow was not separated from the lip.

Pressure and visual studies of the flow in the inlet indicated that
a combination of oblique and normal shocks occurred in the inlet portion
for mass flows near that required for choking. Pressure measurements
in the diffuser indicated that, with the inlet choked, the emplitude of
the total-pressure fluctuatlons was as great as 15 percent of the
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free-gtream total pressure. The frequenecy of these fluctuations was of
the order of 20 cycles per second or less.

INTRODUCTION

Two factors to be considered in the selection of a lip profile for
an inlet to supply air to a turbojet engine sre the design Mach number
and altitude and off-design operation. QGenerslly speaking, the first
of these factors 1s of primery importence and for good performence s
sharp lip profile is required for supersonic flow and a rounded 1ip pro-
file is requlred for subsonic flow. The second factor may assume impor-
tance with a sharp 1ip inlet during subsonic operation (e.g., take-off,
landing, or cruising), and some compromise of the design mey be necessary
to insure satisfactory over-asll performance.

One of the purpcses of the present investigation was to study some
of the effects of lip bluntness and profile on the characteristics of
an inlet at zero and low subsgonic speeds and for inlet mass flows from
zero through choking. A body of revolution with a removeble, circulaer
nose-inlet portion was selected for the investigation. The lip profiles
tested included a sharp 1lip, five lips with circular-asrc profiles pro- .
viding contraction ratios (the ratio of the area encompassed by the
leading edge of the inlet to the minimum inlet area) of approximately
1.0%, 1.08, 1.16, 1.2k, and 1.33, end two lips with elliptical profiles
providing contraction retios of approximately 1.08 and 1.18.

In the case of ideal potentisl flow about a lip of finite thickness,
two-dimensional theory (ref. 1) indicates that the lip suction force for
megs-flow ratios less than 1.0 is exactly equal to the calculated addi-
tive drag of the entering flow (refs. 2 and 3). An additional phase of
the present investigation was the measurement of body drag and of the
pressures on the externzl surface of the body with different lips in
order to make a comparison of the increments of body drag, 1lip suction
force, and calculated additive drag resulting from a change of mass-flow
ratio (for mass-flow ratios below 1.0).

The investigatlion was conducted in one of the Ames T- by 10-foot

wind tunnels for a range of free-stream Masch numbers up to 0.330. Both
the angle of attack and angle of yaw were O°.

NOTATION o

The following symbols and subscripts are used 1n this report:
A ares, sq Tt : : v

Ap meximum frontal area of test body, 0.785 sq ft
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amplitude of total-pressure fluctustions, ib/sq £
D
drag coefficient, —F—
7 QoA
drag, 1b
additive drag, 1b

total drag measured by the strain gage, minus the seal tare
force, Ib

frequency of total-pressure fluctuations, cps
total pressure, lb/sq ft

radiasl distance in from wall of inlet, in.
Masch number

aversge inlet Mach number, calculated assuming entire measured
total-pressure loss (Bg-Hg) to occur ahead of station 1

average inlet Mach number, celculated assuming entire total-
pressure loss (Hg-Hg) to occur after station 1

mass-flow rate (PAV), siugs/sec
reference mass-flow rate (Doh;Ve), slugs/sec

mass flow required to choke inlet, assuming isentropic flow
from free stream to station 1, slugs/sec

=P
static-pressure coefficient, °

static pressure, lb/sq £t

dynemic pressure, 1b/sq ft

radius, in.

air veloecity, ft/sec

axlsl distance, in.

ordinate measured normael to body exis, in.
ratio of specific heats for air, 1.k

nmess density of air, slugs/cu ft
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Subscripts

e conditions at the inlet to the S5-inch-diameter sting (exit of
the ducted portion of the sting-mounted body), station T79.50

ext drag components acting on the external surface of the sting-
mounted body and on the outside of the stagnetion streamline
of the flow entering the Iinlet

1 drag components acting on the inner gurface of the sting-
mounted body and on the inslde of the stagnation streamline
of the flow entering the inlet

1 local conditions in the internal flow

max meximum-frontal-area station of the body, station T2.0

8 conditions at the stagnation station on the inlet lip

t condlitions at the trallling edge of the sting-mounted body,
station 117.0

o conditions in the free stream

1 average conditions at the exit of the constant-area portion of

the inlet, station 15 (A; = 0.0942 sq ft)

3 average conditions at a simulated englne-compressor entrance
station, station 36.25 (Ag = 0.1389 sq ft)

MCDEL DETAILS

The model used 1n the tests was a streamline body of reveolution with
internal ducting and provisions for mounting interchaengeable inlet por-
tions at the nose (figs. 1 and 2). The maximm diameter of the body was
12 inches at station 72.00. Two afterbodies were used. The first
(figs. 1 and 3(a)) was mounted on an 8-inch-diameter vertical strut
through which the inlet air flow could be exhausted from the body. With
this afterbody, the total body length was 129 inches. The second after-
body was mounted on a 5-inch-diameter horizontal sting (figs. 1 and 3(b))
through which air could be drawn. The body was mounted on the sting by
the use of flexure-pivot assemblies, as shown in detail B, figure 1,
which resisted torsional, pitching, and lateral loads but permitted
axlal movement. The axial movement was restrained by a strain gage used
to measure the sxlal forces on the body (detail A, fig. 1). Leskage of
alr between the sting and the afterbody was prevented by a rubber
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dental-dam seal, shown in detail B, figure 1. With this afterbody, the
totel body length was 117 inches.

The interchangeable inlet portions (fig. 2) were machined from
aluminum or brass castings, and ell the 1ip profiles tested were formed
within the boundarles of & basic sharp-edged inlet. This sharp-edged
inlet was formed with a conicel outer surface tangent to the basic
forebody at station 14.118 and with a cylindrical inmer surface with a
radius of 2.078 inches, extending from the sharp leading edge,
station 9.00, to station 15.00. The angle between the inner and outer
surfaces was gbout 7-1/2°. A bell mouth was designed for installation
with this sharp-edged inlet.

In eddition to the sharp-edged inlet, two other types of profiles
were employed In the tests. One was a circular-src type and the other
was made up of an ellipticel inner profile and an epproximstely ellip-
tical external profile. (The two types of profiles will be referred to
a8 circular type and elliptical type in the rest of the report.) Both
types of profiles were tangent to the surfaces forming the sharp-edged
inlet. The ratio of the minor aexis to the major axis of the ellipse
forming the internal shape of the elliptical-type profiles was 0.277T.

Five ecircular- and two elliptical-type profiles were tested. They
are identified by lip-designetion numbers and letters as shown in
figure 2. The number is an index of the bluntness of the lip and is
equal to the decimsl portion of the inlet contraction ratio to the
nearest hundredth. The letter R indicates a circular profile, and the
letter E, an elliptical profile. Thus, 1lip 2LR had a circular-arc pro-
file and the ares encompassed by the leading edge of the resulting inlet
was approximately 2% percent (actually 24.3 percent, as tabulated in
fig. 2) greater than the minimum inlet area. The minimum inlet area
was equal to 12 percent of the maximum frontel area of the body.

The diffusion ratio of the intermel duct (defined as the ratio of
the flow area at the simulated compressor entrance station -~ station
36.25 - to the minimum inlet area) was 1l.4T4. The included angle of
the unobstructed conical portion of the diffuser - from station 15.00
to station 32.00 - was about L4°.

INSTRUMENTATION AND TESTS

For both model-support arrangements, the flow of air through the
inlet and subsequent ducting was regulated by an exhaust pump outside
the wind-tunnel test chamber. The rate of inlet air flow was measured
by a calibrated orifice meter. Tests were conducted at free-stream Mach
numbers of 0, 0.115, 0.166, 0.237, and 0.330 with Reynolds numbers of
ebout 0, 68,000, 96,000, 136,000, and 185,000 per inch, respectively.
The range of inlet-air-flow rates during the tests was from zero through
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choking, and the angle of attack and angle of yaw of the body were 0°.
Boundery-layer transition on the body was fixed by & 1/2-inch-wide band
of carborundum grains at station 15.00 for the entire investigation.

No tunnel-wall correctione were asppllied to any of the datsa.

Strut-Supported Model

With the model mounted on the 8~inch-diameter strut, the loss of
total pressure from the free stream to the simulated turbojet-engine
compressor inlet, station 3 (station 36.25 in., fig. 1), was measured
by a rake consisting of 24 total-pressure and 4 static-pressure tubes.
The total-pressure -loss was measured for mass-flow retios m,/ms, from
zero through choking for each lip and each test Mach number.

Studles of the total- and static-pressure variastlions at seversal
stations in the minimm-area section of the inlet with lips O and 16R
were made using & small two-tube rake extending through the wall of the
inlet. The distance from the rake tubes to the internal wall of the
duct was adjustable from outside the wind-tunnel test section.

With no external air flow (i.e., static conditions), the variation
of the static pressure down the center line of the inlet with lips O
and 16R was measured for various inlet mass flows. For these tests a
long static-pressure probe was utilized which extended into the inlet
from the quiet-eir reglon well ahead of the inlet.

For these same two lips, visual studies of the flow lnto the inlet
for M, = 0 were made using the splitter-plate setup shown in figure I,
Thie plete extended the length of the constant-area section of the duct
and fitted tightly both inside and ocutside the inlet. TFor each of sev-
eral inlet mass flows, s mixture of kerosene and lampblack was sprayed
onto the plates and into the alr stream approaching the inlet. The
regulting flow patterns on the plates were photographed.

For lips O and 16R, the fluctuations of total pressure in the
diffuser section of the duct ahead of station 3 were measured utilizing
a 3/8-inch-diameter sensitive total-pressure probe (which housed a
diaphragm and strain gage) and were recorded by an oscillograph. These
measurenents were made for various inlet mase flows with free-stream
Mach numbers of 0, 0.237, and 0.330.

Sting-Supported Model

Drag measurements were made with the model mounted on the 5-inch-
dismeter sting for free-stream Mach numbers of 0.237 and 0.330 and
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mass-flow ratios up to 1.0 with lips 0, 16R, and 18E. 1In addition, the
drag of the baslc pointed-nose body was measured for the same Mach
numbers.

The total drag of the model was measured by & calibrated strain
gage which resisted the axial movement permitted by the flexure-pivot
mounting system. The strain gage was mounted between the afterbody and
the sting as shown in detail A, figure 1. The total internal drag,
based on the total-momentum loss from the free stream to the entrance
to the sting, was calculated from measurements of the pressures at
station e, the sting entrance. These pressures were meagured with a
rake consisting of 37 total-pressure and LI static-pressure tubes.

The rubber dental-dem seal shown in detail B, figure 1, caused a
small axial load on the body. The variation of this load was calibrated
against the pressure difference across the seal, measured by two static-
pressure orifices connrected to & manometer. The load imposed by the
seal as indicated by the pressures acrosgs the seal during the tests was
thus subtracted as s tare force from the strain-gage drag measurements.

The surface-pressure distribution slong the body was measured for
the sting-mounted model with lips O and 16R for various mass-flow ratios
and a free-stream Mach number of 0.237. One row of static-pressure
orifices was provided alohg the inlet portion and the body at the sta-
tions tabulated in figures 1 and 2.

RESULTS AND DISCUSSION

Internal-Flow Studies With the Strut-Mounted Model

Total-pressure recovery and masss-flow ratio.- The variations of
total-pressure recovery Hg/H, measured at the simulated compressor
entrance’ and of the mass-flow ratio m;/m; with compressor-entrance
Mach number Mg for the inlet with each of the lips are shown in
figures 5(a) to 5(d) for free-stream Mach numbers from 0.115 to 0.330.
Data were obtained for mass-flow retios from zero through choking for
each lip. For a free-stream Mach number of zero, the variations of the
total-pressure recovery and of the mass-flow ratio ml/m* with
compressor-entrance Mach number are shown in figure 6. The mass-flow
ratio m,/m* 1is based on the weight rate of air flow required to choke
the inlet with isentropic flow assumed from free stream to the inlet.
Also shown in figure 6 are the veriations of Hg/H, and m,/m* with Mg
for the model wlth & bell mouth at the inlet. A curve of the variation
of mess-flow ratio computed for the case of isentropic flow from free
stream to the compressor entrance is included in figures 5 and 6.

In figures T(a) to T(h) the data of figure 5 have been cross-
plotted to form composite curves of the Variation of total-pressure
recovery with free-stream Mach mumber for constant mass-flow ratios.
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Using the data in figure 5, curves of constant compressor-entrance Mach
number Mg (such as Mg = O.44) may be included on the composite curves
of figure 7. Similarly, curves of constent inlet Mach number

(My; = constant) may be superimposed by utilizing the curve in figure 8
which was eslculated using the following equation with the assumption of
isentropic flow from station 1 to station 3 (Hg = Hy):

- 3 - 3

For the model used, the diffusion ratio Ag/A; was 1.4Th. It can be
seen (fig. 8) that with the assumption of isentropic diffuser flow, the
Mg = Ot curve in figure 7 would correspond with the curve for

M; = 1.00. A third family of curves which could be superimposed on those
in figure 7 would be curves of constant inlet Mach number M;', calcu-
lated on the basis of the measured weight rate of air flow and the mini-
mum inlet area (0.0942 sq f£4) and with the total-pressure recovery Hl/Hb
assumed to be 1.00. Inlet Mach number, defined in this msnner, has been
used frequently in performsnce analyses of alr-induction systems and is,
therefore, presented in figure 9 for the free-stream Mach numbers of the
present investigation as a function of mass-flow ratio ml/mo.

(1)

Study of figures 5, 6, and 7 shows that, as would be expected, the
total-pressure recovery and mass-flow characteristics of inlets with
circular-profile lips improve with increasing bluntness. The character-
igtice of the bluntest profile tested, lip 33R, approached the isentroplc
and bell-mouth characteristics even for a free-stream Mach number of zero.
The characteristics of lip 8E were comparable with those of blunter clr-
culer lips for mass-flow ratios up to about 1.5. For higher mass-flow
ratios, however, the total-pressure recovery wes nearly the saume as for
1lip 8R. The characteristics of 1lip 18E are coimpareble with those of 1lip
33R for free-stream Mach numbers other than zero for most of the mass-
flow range. For a free-stream Mach number of zero (fig. 6), its charac-
teristics were still better than would be measured for e circular profile
of the same contraction retio. (Note thet contraction ratio and blunt-
ness are used synonymously in comparing the 1lip profiles.)

The higher total-pressure recoveries possible with the elliptical
profiles are thought to result because separation from the internal 1ip
surfaces was delayed to higher mass-flow ratios than with circular pro-
files of similer bluntness. When separation did occur from an ellipti-
cal profile, it appears that its characteristics immediately became
comparable to those of a circular profile with an equal contraction ratio.

In view of the fact that the bell-mouth data indicate small diffuser
losses, the lip deta presented should be reasonably applicable to any
well-designed diffuser of moderate diffusion ratlo. To facllltate such
use of the data, the conversion curves in figure 10, calculated by use
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of equation (1), are presented. By entering the curves with any Mg
of the present investigation (plotted as abscissa) and by going to the
desired diffusion ratio Ag/A,, the corresponding Mg for the desired
diffuser may be read as the ordinate.

Inlet choking conditlions.- The approximate compressor-entrance Mach
number for which choking first occurred in the inlet with each of the
lips may be found in figures 5 and 6 as the Mg &above which there was
no apparent increase in mass-flow ratio. The choking Mg thus defined
may be seen to have been nesr 0.44 in most ceses (computed from the
measured welght rate of eair flow and total-pressure ratio). Deviations
from this value, down to about 0.40 for 1lip O, and up to about 0.455
for the bell mouth (both conditions estimated for a free-streem Mach
number of zero from fig. 6) can be seen. For the case of the bell
mouth it was assumed that choking corresponded with the attainment of
an average Mach mumber of 1.0 in the inlet (M; = 1.0); a diffuser total-
pressgure raetio Hé/Hl of 0.98 was then calculated using equation (1).
(If this total-pressure ratio, 0.98, applies at choking regardiess of the
lip shape or free-stream Mach number, the majority of the total-pressure
losses measured at the compressor-entrance statlon must have occurred
at the lip or in the constant-area inlet portion of the duct.)

With the assumption of a constant diffuser total-pressure ratio of
0.98, any reduction of Mg from 0.455 can be shown by equation (1} to
correspond with a reductlon of inlet Mach number from 1.0. In the case
of 1ip 0, for static free-stream conditions an inlet Mach number of
0.69 corresponds to the choking Mg of 0.40 and, from figure 6, the
choking values of m,/m* and H,/H, cen be found to be about 0.75 and
0.832 (i.e., 0.816/0.98), respectively. These values of choking mass-
flow ratio and the total-pressure ratioc are in contrast to the theoret-
ical choking values calculated in reference 4:

oy _
g 0T

The lower choking mass-flow ratio measured in the present investigation,
0.75, is thought to be an indication of the extent to which the actual
Inlet-flow phenomens differ from those asssociated with the theory. The
inequality of the experimental choking mass-flow ratio and inlet total-
pressure ratio arises because the corresponding average inlet Mach
number was, as shown above, less than 1.0. The continulty equation as
used in reference 4 may be written

m H M
—= = 1.728 = L <
m B (1 + 0.2 M;3)
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and it can be seen that

only when M; = 1.0. These equations should be spplicable regardless

of 1ip shape. From equation (1) with Hg/H; = 0.98 and an assumed inlet
Mach number of 1.0, Mg would be 0.455 (as indicated by the data of

fig. 6 for the bell mouth), and the corresponding inlet total-pressure
ratio Hl/Ho_ would.be nearly equal to the choking mass-flow ratio

m,/m*. The compressor-entrance Mach number, Mg = 0.4, corresponding

to 1sentrople expansion from uniform sonic flow at the inlet entrance,

is Included on the composite curves of figure 7. In addition, the '
approximate experimental choking limits are shown.

Total-pressure fluctuations In the diffuser.~ Oscillograph records
for the flow, a few inches shead of station 3, were interpreted as shown
in the followlng idealilzed sketch of a typical record for conditions
near choking:

3

maxinmum average
fluctuation fluctuation

Two types of pressure fluctuations are seen to have occurred simultane-
ously. The first type, termed the "average fluctuation," was determined
ignoring the occasional large-amplitude, low-frequency fluctuations,
termed the "maximum fluctuation,” which mede up the second type. The
frequency and amplitude of both the average and the maximum fluctuations
aré shown in figures 11(a) and 11(b) for the model with lips O and 16R,
respectively, and for free-stream Mach numbers of 0, 0.237, and 0.330.
The intensity of the fluctuations 1s expressed as the total amplitude
divided by the free-stream total pressure. T

were recorded for masss flows near choking, and the random, aperiodic
nature of the fluctuatlions made the interpretation of the oscillograph
records difficult.
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The static charecteristics of the sensitlive pressure cell and
oscillograph equipment (amplitude ratio a/Ho of about 0.02 with a
frequency of 60 cycles per second) are indicated in figures 11(a) and
11(b) by s dash at zero compressor-entrance Mach number. Complete
interpretation of the variations of frequency and amplitude is not
attempted; however, the curves are consistent in indicating the occur-
rence of large-amplitude low-frequency pressure fluctuations which may
be of importance for mass flows near choking for the inlet with either
of the two lips. The amplitudes of the fluctuations were as much as
15 percent of the free-stream totel pressure with a frequency of less
than 20 cycles per second when the inlet was choked. No attempt wes
made to calculate the extent to which these effects may be ettributeble
to the resonant cheracteristics of the duct tested.

Pregaure studies in the inlet portions.- The results of static-
and totel-pressure surveys at several axial stations 1n the Inlet
portion for lips O and 16R for a free-stresm Mach number of zero are
presented in figures 12(a) and 12(b). For lip 0, surveys are included
for two mass flows below choking (Mg = 0.30 and 0.36), while for lip
16R, surveys are included for one mass flow below choking (Mg = 0.38),
and for the choked condition with Mg = O.t6. The corresponding varia-
tions of local Mach number, calculated using tables of M versus p/H
(ref. 5) ere also included in figure 12. For the regions where the
local flow was supersonic, the local total pressures were corrected for
the effects of the shock weve shead of the total-pressure tube.

For 1ip O, figure 12(a), the surveys indicate an annular reglon
near the inlet wall in which the local Mach number was zeroc. Immedi-
ately inside this region, high local Mach numbers were measured, with a
meximum locel Mach number in excess of 1.20 for the higher mass flow.
The reductions of total-pressure ratios for values of h/rl greater
than 0.2 at the two rear survey stations (x/r, = 0.40 and 0.84) indicate
the possible existence of shocks in the flow.

For lip l6R, examination of the curves in figure 12(b) indicates
that the annular region of M; = O was, of course, much smaller thean
that for lip O. The maximum local Mach number atteined was sbout 1.k5
near the wall at the forward survey station (x/r; = 0.27). At the
second survey station (x/r; = 0.72), this high Mach number flow had been
replaced, probably as & result of local shock waves, by a region of
fairly steady flow heving a Mach number between 0.9 and 1.0.

In figure 13, inlet pressure-survey data for lips O and 16R are
presented for a mess-flow ratio of about 1.5 for three free-stream Mach
numbers. An annulus of low-speed flow is seen to have existed near the
inlet wall for both lips, although its extent was less than that for the
static tests (fig. 12). Away from the inlet wall, the local Mach mumber
was failrly constant for both 1lips, with higher local Mach numbers being
measured with lip O than with 1lip 16R. Data are presented for only
one survey stetion for each lip because similar total-pressure profiles
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were measured at the other survey stations. Similarly, the measurements
are presented for only one mass-flow ratio because the effect of varia-
tion of mess-flow ratio (below choking) was found to be manifested as

a change in the magnitude of the local Mach number away from the inlet
wall.

The static-preasure variation down the center line of the inlet
portion with lips O and 16R with & free-stream Mach number of zero is
presented in figures 1l4(a) and 14(b). Flow conditions approximating
those for which the date in figures 12(a) and 12(b) are presented were
meintained for these static-pressure measuremerts. If it is assumed
that there was no total-pressure loss in the flow at the center of the
inlet, the flow would be subsonic until pz/Hb was reduced to 0.528.
This value is indicated in figure 1%. The local static pressures
measured during the choked operation of the inlet with lip 16R
(fig. 14(b)) indicete that a maximum local Mach number near 1.k was
attained at the center line at x/r; of about 1l.1. The sbrupt rise in
gtatic pressure immediately downstream of this station is thought to
have occurred in an oblique shock since the pressure riee was not great
enough to signify the presence of a normal shock with subsequent sub-
sonic flow. The flow following the pressure rise (downstream from
x/r; = 1.4) is considered to have remained supersonic until the second
abrupt static-pressure rise (downstream of x/r; = 2.2) when a normal
shock is thought to have occurred. The location of this disturbance
w7s not dgtermined exactly but seemed to vary between x/rl = 2.3 and
x/r; = 2.0,

Visual flow studies in the inlet portioms.- In connection with the
pressure studies of the flow in the inlet section with lips O and 16R,
visual studies of the flow were made for a free-streem Mach number of
zero utilizing kerosene and lampblack ag described in the section
Instrumentation and Tests. The flow phenomena noted are indicated
schematicklly for 1lip 0 in figure 15. Pictures of the flow formed on
the splitter plates by the kerosene and lampblack mixture are shown in
figures 16 and 17. Inasmuch as the flow lines were influenced by the
boundary leyer on the plates and by the mass and viscosity of the kero-
sene ard lampblack mixture, they must be regarded as only gualitative
indications of the inlet flow.

The cause of the discontinuity of the flow lines, corresponding
with line A, figure 15, which was present for the inlet with either lip
for all mess flows is not understood. The boundery indicated by line B,
figure 15, appears to define the region of separated flow near the inlet
lips and the growth of the boundary layer along the inlet wall after
reattachment of the flow. It can be seen that for the lower mass flows,
the area thus defined as the boundery layer grew qulte rapidly for both
lips O and 16R, but that, as the mass flow was increased to the choking
range (Ms greater than O.4), the thickness of the layer decreased,
especislly with lip 16R. '
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The discontinuity designated by line C in figure 15 is thought to
be an indication of an oblique shock wave which originated in the region
where the separated flow from the lips returned to the inlet wall.

Line N, in figure 15, is thought to be the indication of a normal shock
in the flow. The vortices, line V, indicate a flow phenomenon in the
boundary layer on the plate behind the normal shock. The locations of
the shocks, as shown by the pictures, are in general agreement with the
interpretation of the data of figure 1k.

In conjunction with the studies of the inlet flow reported thus
far, visual observations of the cloud of condensed water vapor in the
low-pressure regions in the inlet were made with both lips O and 16R
throughout the mass-flow range for & free-stream Mach number of zero.

Ag the mass-~flow rate was increased to values near choking for 1ip O,
condensation first appeared in an annulus near the inlet walls. With
increasing mass flow, the area of condensation extended inward until it
was visible over essentlally the entire inlet area for the mass fiow &t
which the inlet was choked. In the choked condition, the central region
of the condensation cloud appeared extremely unsteady as evidenced by

a fore-and-aft oscillation. During the operation of lip 16R, the pro-
gression of condensation from the annulus to the complete filling of the
inlet occurred over a smaller range of mass flows.

Drag and Surface-Pressgure Studies With the
Sting-Supported Model

Drag measurement.- The total drag of the model 18 defined as the
load measured by the strain gage minus the seal tare and 1s designated
Dp. The internal drag is calculated in the conventional menner based
on the change of total momentum of the internal alr flow from free stream
to the exit from the ducted portion of the body (station e, fig. 1)

Di,0-e = m(Vo-Ve) - Ae (Pe-Pg) (2)
+«The internal drag thus defined is made up of two parts
Di,0-e =Di,0-s + Di,p-e (3)

In this equation, the portion of the internsl drag shead of the inlet
may be defined as

| Di,0-s = m(Vo-Vg) - Ag (pg-p,) (&)
The additive drag for an inlet (refs. 2 and 3) is defined as

Da = Dext,o-s =‘/n (p-p,) @A (5)
surface
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It cen also be shown that
Dg = m(Vg-Vo) + (pg=py) As (6)
Comparing equations (4) and (6)
Di,0-s8 = -Dg (7)

Equation (7), in conjunction with equation (3), is of significance in
that it shows addltive drag to be & hypothetical force which enters into
consideration because of the definition of internsl drag in equation (3).

The total external drag of the model, defined in the same manner
as Internsl drag, is expressed as

Dext,o-t = Da + Dext,s-t (8)
and in terms of total drag
Dext,o~t = Dp - Di,o-e (9)

The drag component Dext,s-t in equation (8) will be referred to in
the remeinder of the report as the external body drag.

A sample plot of data is included as figure 18. The experimental
values of CDrp and Cp, _e B&re shown as functions of mass-flow ratio
for 1lip 18E for a free stream Mach number of 0.237. The curve of
CDext,o y Was calculated as the difference between the faired curves

of Cpp and CDi (uslng eq. (9) in coefficient form). In figures
19(a) and 19(b), the faired curves of CDext o-t &re shown for lips O,

16R, and 18E for free-stream Mach numbers of 0.237 snd O. 330, respec=-
tively. Figure 19 also includee the curves of calculated additive-drag
coefficient and of external-body drag coefficient (calculated using
eqs. (6) and (8), respectively, in coefficient form).

For the calculation of additive-drag coefficlent for the inlet with
lip 0, the stagnation streamline of the entering flow was assumed to
terminate st the sharp leading edge. For lip 16R, the position of the
stagnation point was found, epproximately, from cross plots of surface-
pressure~distribution dats for the 1lip region. No static orifices were
provided in 1ip 18E; however, since lips 16R and 18E provided similar
contraction ratios, it was assumed that the variation of the sdditive-
dreg coefflcient with mass-flow ratio was about equal for the two lips.

The sherp breasks in the curves of ChDext . o-t? which are repeated
2

in the curves of externel-body drag coefficlent in figure 19, are
believed to correspond with the occurrence of flow separation from the
external surface of the lips. The dashed portions of the curves show
the range of mess~flow ratlos over which the drag measurements were
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unsteady as a result of the separation. In particular, for the Inlet
with 1ip 18E for a Mach number of 0.330, the unsteadiness of forces for
a mass~-flow ratio slightly greater tham 0.3 prevented accurate measure-
mente. For 1lip 0, for mass-flow ratios less than 1.0, the externsl flow
wag separsted at the lip at a1l times and there was, of course, no break
in the drag-coefficient curves.

The drag coefficient of the solid body, indicated by the cirecle
symbol at a mass-flow ratio of zero in figures 19(a) and 19(b), may be
seen to agree closely with the external-body drag coefficlent calculated
for the ducted body with lip O for & mass-flow ratio of 1.00. A com-
parison of the drag coefficients for the solid body in figures 19(a)
and 19(b) shows that there was a small decrease of drag with increasing
Mach number. This was believed to have been a scale effect since, as
the Mach number was incressed from 0.237 to 0.330, the Reynolds number
increased from about 136,000 to 185,000 per inch. )

The variations of the internal-drag coefficient CD with

mass-flow ratio for e given free-stream Msch number for tﬁe model with
each of the three lips were found to be nearly identical. This equality
would be expected 1n view of the fact that the total-pressure recovery
and mass-flow characteristics with each of the lips (fig. 5) were
similar for mass-flow ratios leass than 1.0. It can be seen, then, from
equation (9) in coefficient form, that the differences between the
curves of CDext,o-t in figures 19(a) and 19(b) are a measure of the

actual drag differences resulting from the use of the various lips.

These curves show that none of the 1ips provided the lowest drag
throughout the range of mess-flow ratlios from O to 1.0 for the free-
stream Mach numbers of the test. The greatest improvement in drag
measured with lips 16R and 18E, compared with that measured with lip O,
occurred for the mass-flow ratios just before the externsl flow separated
from the 1ips and also near & mass-flow ratio of zero.

Surface-pressure distributlon.- The static pressure over the inlet
and body was measured by means of one row of static-pressure orifices
whose positions are tabulated in figures 1 and 2. Examples of the
pressure~coefficient distributions plotted against (r/pmax) are
included in figures 20(a) and 20(b) for lips O and 16R, respectively,
for a free-stream Mach number of 0.237. It was found that the effect
of mass-flow ratio on the pressure distribution was limited almost
completely to the region near the inlet; therefore, figure 20 includes
data only for (r/rpax)® to 0.5. The area under the curves of the type
illustrated, from the stagnation point to any arbitrary station, is
equal to the externsl pressure-drag coefficient for the body to that
station. The changes in the external pressure-drag coefficients with
mass-flow ratio are plotted in figure 21. Similar differences for
external-body drag coefficients Cp_., ,_, from force data (from

figs. 19(a) and 19(b)) are also plotteé in figure 21 for comparison with
the pressure-~drag coefficients. It can be seen that nearly the same
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change of externsl-body drag with mass-flow ratio was obtained by each
of the methods. This was partlicularly true for the case of lip O.

Based on this agreement between pressure and force measurements,
it 18 believed that the change of viscous drag with mass-flow retio for
the test condltions was small. Additionsl verification of this belief
was obtalned from approximate calculations of viscous drag based on the
pressure distribution. Since the majority of the pressure changes with
changing mass~flow ratlo took plece near the inlet and ahead of the
station at which transition was fixed, the calculated viscous drag wes
found to be essentially constant.

Relation of externsl-body drag to additive dreg.~ Ideal potential
flow theory (ref. 1) shows thet for mass-flow ratlos below 1.0, the
change of calculated additive drag with mass-flow ratio should be of
equal magnitude but of opposlite sign to the change of inlet 1ip suction
forces. For the .present tests, the change of inlet lip suction force
with mess-fiow ratio is expressed in figure 21 as the change in external-
body drag coefficient. For comparison, the change of additive-drag
coefficient calculated for lips 0, 16R, and 18E is also included in
figure 21. To simplify the comparison, additive-drag coefficient is
considered in the negative sense. It can be seen in figure 21 that,
for 1lip O, the change in the two coefficients was equal only for mass-
flow ratios epproaching 1.0. TFor the other two lips, they were approx-
imately equel over the range of mase-flow ratios for which the external
flow was believed to have remained attached to the lip surfaces.

CONCLUSIONS

The followlng concluslons pertaining to the effects of inlet 1lip
bluntness and profile on diffuser performance and body drag are based
on the results of tests conducted, with & body of revolution having a
circular nose inlet, for free-stream Mach numbers up to 0.33 and for
inlet flows from zero through choking:

l. For lips of moderate bluntness, an elliptical profile provides
better pressure recovery than a circular profile.

2. TFor choking flow in the inlet with either sharp or blunt lips,
large total-pressure fluctuatlions may exist in e diffuser. The ampli-
tude of the fluctustions meassured in thils investigation was ag great
as 15 percent of the free-stream total pressure and the frequency was
of the order of 20 cycles per second or less.

3. For mess-flow ratios less than 1.0, the magnitude of the change
of externsal drag of the body with a change of mass-flow ratio is, in
accordance with potential theory, equal but of opposlte sign to the
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change of the calculated additive drag for the inlet, as long as the
external flow is not separated from the lip.

Ames Aeronsutical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Jan. 9, 1954
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A-17024
(&) Strut-supported model.

A-16916

(b) Sting-supported model.

Figure 3.- Photographs of model installed in 7- by 10-foot wind
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tunnel.
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Figure 4.~ Flow study setup.
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Figure 19.~ Variation of externsl- and additive-drag coefficients with
nass~flow ratlo for lips 0, 16R, end 18E.



46

10

)
®

Drag coefficient, Gp

.06

04

02

NACA TN 3170

Cp

cDex’r,o-t ) cD%,O-e

Cp,

cDext,s-t = cDext,o—t - a

© Cpg,y 5.4 » Solid body

— ——— Unsteady forces

R \ Lip O
\\k //— I6R cDext,o-i

\\%&nee

AN

\ N

A

o) - \\\
ot iz
=TT s

X
N

AR\

GD Lip (o] _/\
a I6R & 1BE N
\ N
~1
2 4 6 8 1o
Mass-flow ratio, ! I'm

Mg

(b) Mg = 0.330 ...

Figure 19.~ Concluded.



Pressure coefficient, P

-2

|
»

I
Y

OLTE NI VOVN

-1.8
all g2 L}
my B3] Mo
0 FE
© o0 —1.2 1 C 0
2 O 0.415 : A O 0416
- $ 0.684 { 08685
£ A 0N A 1.009
s
i _le
I
Qe OO
i 1l
;—4 =t} 0 0
l"" - _‘___IA- N
|& | |
[ | |
i A I
g S o
= . £ 3
5™ - Ew
- Lip O P Lip I6R
.8 |
) I @,;
0 A .2 3 4 .5 0 J .2 3 4 .

r \2
Radial ordinate squared, (H)
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